Genetic divergence and gene flow among closely related populations are difficult to measure because mutation rates of most nuclear loci are so low that new mutations have not had sufficient time to appear and become fixed. Microsatellite loci are repeat arrays of simple sequences that have high mutation rates and are abundant in the eukaryotic genome. Large population samples can be screened for variation by using the polymerase chain reaction and polyacrylamide gel electrophoresis to separate alleles. We analyzed 10 microsatellite loci to quantify genetic differentiation and hybridization in three species of North American wolflike canids. We expected to find a pattern of genetic differentiation by distance to exist among wolflike canid populations, because of the finite dispersal distances of individuals. Moreover, we predicted that, because wolflike canids are highly mobile, hybrid zones may be more extensive and show substantial changes in allele frequency, relative to nonhybridizing populations. We demonstrate that wolves and coyotes do not show a pattern of genetic differentiation by distance. Genetic subdivision in coyotes, as measured by 6 and Gst, is not significantly different from zero, reflecting persistent gene flow among newly established populations. However, gray wolves show significant subdivision that may be either due to drift in past Ice Age refugia populations or a result of other causes. Finally, in areas where gray wolves and coyotes hybridize, allele frequencies of gray wolves are affected, but those of coyotes are not. Past hybridization between the two species in the south-central United States may account for the origin of the red wolf.
Introduction
In terrestrial vertebrates with limited mobility, genetic differentiation often either increases with the distance between populations or corresponds to the extent of topographic and habitat barriers. Speciation may occur either as a result of barriers to dispersal or if reproductive differences accumulate between terminal populations of a cline to form a ring species (Mayr 1963; Wake et al. 1989) . In highly ambulatory species, which can exist in a wide range of habitats, persistent gene flow may stifle genetic differentiation and speciation. We have studied three species of Northof the finite dispersal of individuals, a pattern of differentiation with distance between localities might occur across large geographic areas. Previous mitochondrial DNA (mtDNA) analysis found no evidence of geographic differentiation among populations of coyotes even when they were separated by several thousand kilometers (Lehman and Wayne 199 1) . This result is consistent with their recent range expansion into territories once occupied by gray wolves. In contrast, the gray wolf showed significant subdivision, reflecting the recent isolation of gray wolf populations caused by habitat fragmentation ).
In the past few hundred years the relative abundance of coyotes and gray wolves has changed in disturbed habitats, resulting in hybridization between the two species. mtDNA analysis of wolves and coyotes throughout North America has shown that they have hybridized in Minnesota and southeastern Canada, areas where coyotes have recently increased in abundance and where gray wolf numbers have declined (Lehman et al. 199 1) . Coyotes have been in Minnesota and eastern Canada for only ~90 years, and consequently the dimensions of the hybrid zone may increase, given time and continued change in habitat structure (Nowak 1979; Jenks and Wayne 1992) .
Significantly, hybrid zones among the three species, if they occur, are likely to be substantial. In the absence of selection, the width of hybrid zones may be -50 times the average dispersal distance (Barton and Hewitt 1989) , which in gray wolves may be as much as 100 km (Mech 1987) . Therefore, a hybrid zone between wolflike canids may be several thousand kilometers in width and may confound the process of genetic divergence. In fact, a hybrid zone more ancient and more extensive than that in eastern Canada may exist in the south-central United States and may involve all three species of North American wolflike canids (Wayne and Jenks 199 1) . In this region, habitat change caused by human development began several hundred years ago, with the arrival of European settlers. Therefore, the dimensions of a hybrid zone between the three species may be several times larger than the more recent zone in eastern Canada. In fact, previous mtDNA analysis has found that no population of red wolf, extant or historic, contains phylogenetically distinct mtDNA genotypes. Instead, all have genotypes similar or identical to those in gray wolves or coyotes. One explanation for this result is a hybrid origin for the red wolf (Wayne and Jenks 199 1; Jenks and Wayne 1992; Wayne 1992) .
However, because the mitochondrial genome is generally maternally inherited without recombination, analysis of mtDNA polymorphisms may provide a biased description of gene flow and hybridization in wolflike canids. Therefore, previous conclusions require support from analysis of nuclear loci. Past analyses of allozyme polymorphisms have suggested that little differentiation exists among the three North American canids (Ferrell et al. 1978; Wayne and O'Brien 1987; Kennedy et al. 199 1; Wayne et al. 199 1 b) . This result may be expected, because allozyme loci have low mutation rates of -lo-*/generation (Nei 1987) and because the three North American wolflike canids diverged l-2 Mya ( Nowak 1978 ) . Consequently, few detectable sequence substitutions in allozyme loci are likely to have accumulated over so short a time period.
In this report, we analyzed variation in a class of hypervariable loci consisting of a .variable number of repeats of a simple nucleotide core sequence that evolves through the gain or loss of repeat units rather than through sequence substitutions. Simple repeat or microsatellite loci are highly polymorphic, frequently with more than a dozen alleles at a single locus and having high mutation rates that are > 10 -4-10 -5/generation. Simple repeat loci are abundant and widely dispersed in eukaryotic genomes, with 50,000-100,000 loci existing in species studied to date ( Litt and Luty 1989; Tautz et al. 1986; Tautz 1989; Weber and May 1989; Coma11 et al. 199 1; Moore et al. 199 1; Stallings et al. 199 1; Dietrich et al. 1992; Ostrander et al. 1992) . Microsatellite loci have been used intensively for gene mapping studies but rarely have been applied to the analysis of genetic variation between and within populations of plants or animals. Because of the high polymorphism and evolutionary rate characteristic of microsatellite loci, they are potentially very informative with regard to analyses of gene flow and hybridization.
We surveyed variation of 10 polymorphic microsatellite loci to quantify the extent of genetic differentiation among populations of wolflike canids and to estimate the effect of interspecific matings on allele frequencies in hybridizing populations. We analyzed populations where only gray wolves or coyotes are found, populations where both species exist but do not hybridize, as suggested by mtDNA data, and populations where the mtDNA data suggest that hybridization has occurred. We also analyzed an eastern African population of golden jackals (C. aureus) that likely have been isolated from their close relatives in North America for ~0.5 Myr (Wayne et al. 1989; Girman et al. 1993; Van Valkenburgh and Wayne, in press ). Finally, we determined whether microsatellite data support a recent origin of the red wolf through hybridization of coyotes and gray wolves.
Material and Methods

Nonhybridizing and Hybridizing Sympatric Populations of Coyotes and Gray Wolves
We obtained samples from three sympatric or nearsympatric populations of coyotes and gray wolves that do not hybridize, as suggested by mtDNA analysis ( fig.  1 ; Lehman et al. 199 1) . The three populations are ( 1) Washington (coyotes, n = 20) and Vancouver Island (gray wolves, n = 20); ( 2) Alberta (gray wolves, n = 20; and coyotes, n = 20); and ( 3) Kenai Peninsula, Alaska (gray wolves, n = 19; and coyotes, n = 14 ) ( fig. 1) . The populations of gray wolves and coyotes sampled provide three independent replicates with which to measure intra-and interspecific differentiation in the absence of interspecific genetic exchange.
Hybridizing sympatric or near-sympatric populations of coyotes and gray wolves were sampled in Minnesota (coyotes, n = 20; and gray wolves, n = 20) and in Maine/southern Quebec (coyotes, n = 18; and gray wolves, n = 24). Past mtDNA analysis suggested that populations of both species hybridize in these two areas, with the frequency of hybridization highest in Quebec (Lehman et al. 1991) .
Allopatric Populations
We obtained samples from both species in areas of allopatry. These areas include southern California (coy-no segregation of coyote-like phenotypic characteristics. Blood or organ samples were taken from coyotes, gray wolves, or red wolves, as indicated in previous reports (Lehman et al. 199 1; Lehman and Wayne 199 1; Wayne and Jenks 199 1; Wayne et al. 1992 ).
Microsatellite Analysis
Ten GT ( n ) microsatellite loci identified from a domestic-dog genomic library ( Ostrander et al. 1993 ) were found to be polymorphic in wolflike canids (Appendix). Detection of microsatellite alleles from genomic DNA was achieved by end-labeling one primer by a standard [y-P 32] ATP ( Amersham) and T4 polynucleotide kinase of red wolves reaction (Sambrook et al. 1989 ) and performing 28 cycles of PCR ( polymerase chain reaction) amplification in a 25-~1 reaction volume using 50 ng of target DNA, 2 mM MgC12, and 0.8 U of Taq DNA polymerase ( Promega). Two microliters of each product were then mixed with 2 ~1 of formamide loading dye and were heated to Genetic polymorphism for each population was measured as the mean number of alleles per locus (A ) , otes, n = 28)) Northwest Territories (gray wolves, n observed heterozygosity (Ho), and heterozygosity ex-= 24), and northern Quebec (gray wolves, n = 20).
petted from Hardy-Weinberg assumptions (I& ; Nei Northern Quebec has not yet been invaded by coyotes, 1978, 1987) . The two measures of heterozygosity are although this locality is only 400 km from the area of highly correlated, and we focused our discussion on HE sympatry for the two species (Hilton 1978) . We also because it is considered a better index of genetic variobtained samples of 20 golden jackals (Canis aureus) ability ( Nei and Roychoudhary 1974) . Deviations from from several sites in Kenya (Wayne et al. 1989 ) . Coyotes
Hardy-Weinberg equilibrium were tested using the x2 are New World only, whereas wolves are also found in test with pooling (Hart1 and Clarke 1989). This test was the Old World but are not known from Africa. The used because of the presence of many rare alleles. Gegolden jackal entered Africa -0.5 Mya, and consenotypes were grouped into three classes for each locus quently the east African population probably was iso-(homozygotes for the most common allele, common/ lated from Old World gray wolves for that amount of rare heterozygotes, and other genotypes). The stantime or longer (Wayne et al. 1989) . dardized variance in allele frequencies among populaThe red wolf sample consists of 40 individuals from tions (F,,) and other F-statistics (Wright 1969) were calthe current captive population of -180 red wolves. They culated for single-and multiple-allele cases by using are all descendants of individuals selected from the wild, modifications described by Nei ( 1977) and Nei and in 1974-76 , to found a captive-breeding population. At Chesser ( 1983) . We also used two other estimators of that time, the last wild population of red wolves was genetic subdivision, theta (6) , developed by Weir and thought to exist in eastern Texas, and a live-trapping Cockerham ( 1984) and calculated using a computer program was initiated to save the species (Parker 1988) . program provided by Leslie ( 1989) , and the coefficient Captured individuals were initially classified as coyotes, of gene differentiation, Gst (Nei 1978) . The variance red wolf-coyote hybrids, or red wolves. The latter were associated with 6 values was estimated by jackknifing interbred, and 14 individuals were selected for the cap-over all loci (Weir and Cockerham 1984 ). An estimate tive-breeding program because their offspring showed of migration rate was obtained from the relation FSt = 1 / ( 1 + 4 Nm), where N is the population the migration rate. size and m is Gene Flow and Population Genetic Structure of Wolves and Coyotes
We followed an approach outlined by Slatkin ( 1993) to assess differentiation by distance between populations of wolflike canids. This approach involves the calculation of pairwise values of Nm, the number of migrants per generation, from both G,, (Nei 1973 ) and 6 (Weir and Cockerham 1984) . The pairwise log( Nm) values were then compared with the geographic distance that separated each paired population, and the significance of the association was determined by applying Mantel's ( 1967) permutation test. A significant association between Nm and distance indicates genetic structuring in populations and that dispersal of individuals is limited ( Slatkin 1993 ) .
6 is a measure of differentiation between populations and is particularly useful for estimating migration rates (Slatkin 1993) . We used interspecific values of pairwise 6 to measure the amount of differentiation between populations of wolves and coyotes. Values of 6 between paired populations of wolves and coyotes in nonhybridizing, and hybridizing regions were compared with a t-test on arcsine-transformed data. A t-test is appropriate when populations are not used more than once in pairwise comparisons. When a t-test was inappropriate (i.e., with nonindependent data), a permutation test was used (see below ) .
Allele Frequency Differences and Genetic Distance between Populations
We analyzed allele frequency differences between populations and species of wolflike canids, using three approaches. First, we calculated and compared the proportion of unique alleles in pairwise comparisons of populations and species. These values were needed, in addition to genetic distance statistics, because microsatellite loci were very polymorphic, having many rare alleles in populations that would not otherwise add measurably to genetic-distance statistics. Second, we used multidimensional scaling (MDS) to summarize allele frequency variation over all 10 microsatellite loci. Linear MDS was used because it effectively summarizes allele frequency variation on two dimensions and makes minimal assumptions about the distribution of the data (Borg 198 1) . A Pearson correlation matrix of allele frequencies was used as the initial data. The fit of the data to the model was estimated through a Shepard ( 1962) diagram and by the stress factor. The stress factor is a measure of the fit of the data into two dimensions, and it varies between 0 and 1, with values near 0 indicating a better fit. The program SYSTAT for the Apple Macintosh (Wilkinson et al. 1992 ) was used for these statistical calculations.
Finally, we computed Nei's ( 1978 ) unbiased genetic distance statistic, among populations of North American wolflike canids and used a neighbor-joining clustering algorithm to generate relationship trees. The neighborjoining clustering algorithm does not assume a constant rate of molecular evolution and in simulations was relatively effective in resolving relationships among taxa (Saitou and Nei 1987; Jin and Nei 199 1) . Distance data were also analyzed with clustering algorithms such as UPGMA (unweighted pair group with mathematical average), distance Wagner (BIOSYS), and Kitsch and Fitch ( PHYLIP; Felsenstein 1993 ) . Heterozygosity estimations and distance measures were calculated using the BIOSYS program for the PC (Swofford and Selander 198 1) and a computer program developed by Slatkin (1993) .
Permutation Tests
Because the data were not independent, statistical significance of differences in 6 or genetic distance among paired coyote and gray-wolf populations were evaluated by a permutation test. The permutation test involved a comparison of the observed difference in 6 or genetic distance between hybridizing and nonhybridizing coyote-wolf populations to the comparable values calculated from randomized allele frequencies over all populations, with population size kept constant. Differences in 6 or genetic distance between hybridizing and nonhybridizing coyote-wolf populations were considered significant if the randomized value was uniformly greater than or less than the observed difference in 395% of 1,000 permutations.
Monte Carlo Simulations
To compare the number of alleles in species that differed in sample size, we calculated the expected number of alleles in an infinite population by Monte Carlo simulations. We selected individuals at random, without replacement, and calculated the cumulative number of alleles until all individuals had been sampled. This procedure was repeated 1,000 times for each species, and the mean and standard deviation of the number of alleles were calculated as a function of sample size. A quasiNewton best-fit curve was then applied to the means ( SYSTAT; Wilkinson et al. 1992 ) by using the equation Y = o-xl@ + P), w h ere y is the number of alleles, and x is the number of individuals (Lehman and Wayne 199 1) . In this equation c1 and /3 are constants, where a is the asymptote representing the number of alleles in an infinite population.
When closely related species are compared, the number of unique alleles found within each species is a measure of genetic distinction. However, this is strongly influenced by the sample size and geographic scope of the sampling within each taxon. Although our sample of gray wolves and coyotes was comprehensive, the sample of red wolves represented only 14 founding individuals from a single locality. We calculated the expected number of unique alleles for each species in comparison with another species, given different sample sizes, using Monte Carlo simulations as above.
Finally, to determine the specific probability of observing the actual number of unique alleles found in the red wolf, we selected 14 individuals at random from a single population of either wolves or coyotes and computed the number of unique alleles that they exhibited when compared with the pool of all populations from the other species. This simulation was repeated 1,000 times.
Results
Genetic Variability of Microsatellite Loci in Wolflike Canids
The 10 simple sequence loci were highly polymorphic in all four species of wolflike canids ( ids, the mean number of alleles per locus (allelic diversity) ranged from 3.4 (Vancouver Island wolves) to 6.9 (California coyotes). We estimated the expected total number of alleles for the 10 loci in a gray-wolf population of infinite size by Monte Carlo simulation, as 98 alleles ( fig. 3 ) . The actual number of observed alleles in 15 1 individuals was 95, or 96.9% of this value. For coyotes, the total number expected in an infinite population was 97. The observed value was 92 alleles in our sample of 142 individuals, or 94.8% of that expected in an infinite population (table 2 and fig. 3 ). In the east African golden jackal sample of 18 individuals, we observed 48 alleles, or 84.2% of the 57 alleles expected in an infinite population (table 2 and fig. 4 ). These results indicate that our sample of gray wolves, coyotes, and golden jackals provides a good representation of the total number of alleles present in the populations sampled.
Expected heterozygosity values were high and varied within a narrow range (table 1) . The wolves on Vancouver Island showed the lowest levels of heterozygosity (0.566)) and it is notable that the hybridized population of Quebec wolves showed the highest heterozygosity (0.741). Allele frequency distributions in general were highly skewed and inequitable, as most loci had a few frequent alleles and many rare alleles (e.g., see fig. 2 ). Some loci also showed disjunct distributions having allele 558 Roy et al. size classes separated by several dinucleotide steps (e.g., Hardy-Weinberg equilibrium (P < 0.05; x2 test with loci 172, 250, and 225; fig. 2 and Appendix). pooling). In the two hybridizing gray-wolf populations, Most populations had some loci that deviated from one locus in southern Quebec and six loci in Minnesota Hardy-Weinberg equilibrium expectations. For the four deviated from expected Hardy-Weinberg genotype prononhybridizing populations of gray wolves, 1 of 10 loci portions. The allopatric population of gray wolves in the in each population showed significant deviations from Northwest Territories had five loci not in Hardy-Weinthe genotype proportions expected according to the berg equilibrium. On average, two loci in the three non- hybridizing coyote populations, one and a half loci in the two hybridizing populations, and three loci in the California population differed significantly from HardyWeinberg expectations. The golden jackal had 1 of 10 loci differing from Hardy-Weinberg expectations. No loci dominated the group that deviated from Hardy-Weinberg expectations.
In all populations, average observed heterozygosity was always less than the expected heterozygosity, suggesting an increase in homozygosity due to breeding among close relatives ( fig. 5 ) . This relationship is not significant for populations of gray wolves or coyotes (P > 0.05; Mantel test), which suggests that differentiation by distance is not evident in either species. Similarly, examination of allele distributions indicates that the alleles having the highest frequencies generally have wide distributions (e.g., see fig. 2 ). Only a few alleles have frequencies > 10% and show locality specific occurrences (e.g., locus 172, allele J; locus 250, allele Q; locus 377, allele B; and locus 2 13, allele A; fig. 2 and Appendix). However, nonhybridizing gray wolves showed, on average, significantly higher 6 values than did nonhybridizing coyotes; these values were 0.168 and 0.107, respectively (P = 0.034; permutation test). This suggests that a lower level of interpopulation gene flow occurs between wolves than between coyotes. O~.,.,~,~,.,.,.,.,.,., verse is 23.8 unique alleles (fig. 3 ) . The comparative values for golden jackals are 14.3 and 16.1 (fig. 4) . These regressions can be used to predict the number of shared alleles between two species, given various sample sizes. For example, assuming that the gray wolf sample may be used to estimate the number of unique alleles expected in the 14 founding red wolves, we would predict 6.1 ( + 1.9) unique alleles in comparison with coyotes ( fig.  3) . Conversely, if we use the coyote sample to estimate the number of alleles expected in red wolves, we would predict 5.4 ( f 1.4) unique alleles in a comparison with gray wolves. Even in a sample of seven red wolves, we expect 4.0 ( + 1.7) and 3.3 ( f 1.3 ) unique alleles in comparisons with coyotes and gray wolves, respectively. The actual number of unique alleles in red wolves compared with coyotes and gray wolves is zero and four unique alleles, respectively ( table 2 ) .
The differences in gene frequency among populations of wolflike canids were summarized using MDS ( fig. 6 ). The position of populations within the graph suggests that coyotes are very similar to each other in gene frequency, forming a closely spaced cluster. In contrast, gray wolves are considerably more divergent in allele frequencies. Nonhybridizing populations are distinct from hybridizing populations of gray wolves in Minnesota and southern Quebec ( fig. 6 ). It is notable that northern Quebec wolves are more similar to the nonhybridizing populations of gray wolves that are several thousand kilometers distant than to nearby southern Quebec wolves ( fig. 1) . The red wolf is intermediately positioned between coyotes and hybridized populations of gray wolves. The golden jackal is clearly the most divergent wolflike canid with respect to allele frequencies.
Nei's unbiased genetic distance was calculated between all populations of North American wolflike canids and was found to vary from 0.116 (Washington and Californian coyotes) to 0.87 1 (Vancouver wolves and Alberta coyotes; table 3 ) . The average genetic distance between hybridizing populations of wolves and all coyote populations is 0.415, a value significantly less than that between nonhybridizing wolves and all coyotes (0.609) (P c 0.00 1; permutation test). The genetic distance estimates suggest that southern Quebec wolves are more similar in allele frequency to Maine coyotes (0.225 ) than to conspecific populations. It is notable that the genetic distance between wolves from northern Quebec and those from Kenai (0.252), two populations separated by 4,000 km, is less than that between wolves from northern Quebec and those from southern Quebec (0.344)) separated by only 400 km.
Relationship trees based on Nei's unbiased genetic distance statistic and the neighbor-joining algorithm affirm the conclusions suggested by multidimensional scaling and genetic distance values ( fig. 7 ). Coyotes form a closely related cluster despite large geographic separation between localities. Gray-wolf populations show greater divisions, with hybridizing populations of gray wolves most divergent and positioned as sister taxa to red wolves and coyotes. Finally, red wolves are placed closest to coyotes, reflecting their similarity in allele frequencies. Other clustering algorithms-UPGMA, distance Wagner, Fitch and Kitch-produced similar topologies, differing only in clustering of the coyote populations and some nonhybridizing wolf populations.
The golden jackal was the most basal branch in every tree.
Discussion
Genetic Variability of Microsatellite Loci in Wolflike Canids
Microsatellite loci are highly polymorphic in gray wolves and coyotes, having 4-20 alleles/locus and heterozygosity values that average -0.65. Such high heterozygosity is expected for microsatellite loci, given their high mutation rates and the moderate population sizes of gray wolves and coyotes. For example, at equilibrium, H = 1 -[ 1 / ( 1 + 8N,p)Oe5 1, where p equals the singlestep mutation rate and N, equals effective population size ( Ohta and Kimura 1973 ) . For a single-step microsatellite mutation rate of -10 -4 (Dallas 1992; Dietrich et al. 1992) ) an effective population size of only 10,000 individuals would sustain heterozygosity values of 0.65. Past effective population sizes of wolves and coyotes were likely to have been at least this large (Carbyn 1987; Voigt and Berg 1987 ; Lehman and Wayne 199 1; Wayne et al. 1992) . the most recent Ice Age ( 10,000 years ago) in two or more separate refugia, one in Alaska and the other in the southern continental United States (Nowak and Paradiso 1983 ) . The separation of wolf populations by continental ice sheets may have provided a barrier to dispersal for wolves and may have permitted limited differentiation, which subsequently would have been gradually obscured by gene flow. An equilibrium between drift, mutation, and gene flow might not be expected for m 2N, generations. Given historic population sizes in excess of several hundred thousand individuals (Seton 1925; Carbyn 1987 ), equilibrium may not have been reached since the last glaciation. Moreover, the habitat continuity across the geographic range of gray wolves has changed dramatically since the arrival of European settlers. The fragmented landscape that has developed in southern Canada over the past 300 years may have imposed a degree of isolation among gray-wolf populations and may have resulted in the observed higher levels of population differentiation (see discussion in Wayne et al. 1992) .
Allele Frequency Differences between North American Wolflike Canids
Hybridizing populations of gray wolves and coyotes converge in allele frequency, as indicated by their similarity in MDS and genetic distance analyses. Additionally, pairwise 6 values between sympatric populations of gray wolves and coyotes are significantly lower in areas where they hybridize. Hybridization has the most influence on the allele frequencies of southern Quebec gray wolves, as indicated by the low value of 6 (0.09) between them and Maine coyotes. In contrast, the value of 6 between nearby wolves from northern Quebec, where coyotes are absent, and Maine coyotes is as high as that between nonhybridizing populations, suggesting that a coincident clinal change in allele frequency is not the cause of lower interspecific 6 values. Increased interspecific hybridization in southern Quebec is also supported by previous mtDNA studies, which found only In both gray-wolf and coyote populations, deviations from Hardy-Weinberg expectations were common, and average observed heterozygosity was always less than expected. Moreover, the values of rj;:, in both species were positive. These results suggest either limited inbreeding within populations or a nonrandom sample of individuals within populations. Gray-wolf packs generally consist of related individuals ) and, consequently, our population samples may be dominated by related individuals from a few packs. The social structure of coyotes is more varied, ranging from a solitary lifestyle to a defined pack structure (Voigt and Berg 1987) . This is consistent with the observed lower Fis values in coyotes, reflecting either a more random sampling or less inbreeding within populations.
Alternatively, the presence of null alleles at microsatellite loci may result in higher apparent values of homozygosity (Chakraborty et al. 1992 ). This possibility could have been tested if samples of detailed pedigrees were available. However, two populations of Ethiopian wolves (Canis simensis) that were surveyed for 9 of 10 microsatellite loci used in the present study did not deviate from Hardy-Weinberg expectations (Gottelli et al., in press ). Ethiopian wolves depart from a gray wolflike pack structure because females will mate with wolves from other packs, in addition to the dominant male (C. Sillero-Zubiri and D. Gottelli, personal communication ) . Consequently, Ethiopian wolves may more closely approach random mating within populations.
Gene Flow and Population Structure of Wolves and Coyotes
Gray wolves and coyotes disperse over long distances and over sizable topographic and habitat barriers, in search of territories and mates. In such species, the observed differentiation among populations may reflect the dispersal distance of individuals. For example, in a continuum model, FSz can be estimated as l/[ 1 + 4c(rcDs*)], where c is a constant, D is a measure of the density of demes, and s* is the dispersal distance variance (Slatkin and Barton 1989) . If differentiation among populations is determined by the limited dispersal of individuals, the proportion of among-population allele-frequency variation should increase with increasing geographic distance between localities. Our microsatellite results show that differentiation by distance is not significant across the geographic range of the gray wolf and coyote, indicating either that dispersal distances are sufficiently large to confound genetic differentiation or that barriers to dispersal are more important in structuring genetic variation within species (Slatkin 1993; see below ) .
The effect of dispersal distance on levels of amongpopulation differentiation is also evident in mtDNA studies of several canid species (Wayne et al. 1989, 199 la; Lehman and Wayne 199 1; Mercure et al., in press ). Among coyote populations, the amount of mitochondrial genetic subdivision, as indicated by average Nsl, an analogue of Fst , was small (0.20) and not significantly different from 0. Similarly, the average value for 6 based on microsatellite analysis was low (0.09 ) . In contrast, in the diminutive North American kit fox ( Vulpes macrotis) , the average N,, was 0.85, reflecting lower dispersal distances (Mercure et al., in press ). Individual coyotes have been observed to disperse several hundred kilometers, whereas dispersing kit foxes move only a maximum distance of 64 km ( O'Farrell 1987 ) .
It is surprising that the component of genetic variation among wolf populations, 6 or Gst, is larger than that among coyote populations, despite the fact that coyotes are smaller in body size and presumably less mobile. The average 6 based on microsatellite analysis of nonhybridizing gray-wolf populations is 0.168. mtDNA analysis also reveals high N,, values (0.76) that are significantly different from 0 . However, the value of 6 does not increase with distance between localities. We hypothesize that the larger 6 value in gray wolves versus coyotes may reflect differences in the recent population history of the two species. Coyotes show weak differentiation probably because they have expanded their range only in the past few hundred years, from a much narrower geographic distribution, in the American South, that was not marked by distinct topographic or habitat barriers (Hilton 1978; Nowak 1979; Voigt and Berg 1987 ) .
In contrast, gray wolves have existed throughout much of North America for most of the late Pleistocene ( N 500,000 years; Nowak 1979) and have likely survived coyote-derived mtDNA genotypes in southern Quebec wolves. The decrease in the value of 6 in hybridizing populations of wolves and coyotes compared with those that do not hybridize suggests an exchange of approximately two migrants per generation, which is sufficient to dampen divergence by genetic drift in the absence of selection (Slatkin 1987; Lehman et al. 199 1) .
The observation that hybridizing and nonhybridizing populations of coyotes do not have significantly different interspecific pairwise 6 values suggests that gene flow from wolves has not significantly affected coyote allele frequencies. The MDS and clustering analysis also support this conclusion, as hybridizing populations of coyotes are closely grouped with coyote populations that are nonhybridizing, including those from California (figs. 6 and 7). In contrast, hybridizing populations of wolves are genetically distinct from coyotes and their nonhybridizing conspecifics ( fig. 6 ). This genetic asymmetry is also apparent in past mtDNA analysis, as coyote genotypes were found to be common in gray wolves but wolf genotypes were absent from coyote populations (Lehman et al. 199 1) . The mtDNA result is consistent with the predominant interspecific cross occurring between female coyotes and male wolves, whose offspring backcross to either species. Because of the maternal inheritance of mtDNA, only the coyote genotype would be transferred to wolves. However, the microsatellite data suggest that the backcross to coyotes is infrequent and that, more commonly, interspecific hybrids are raised as wolves and incorporated into the gray-wolf breeding population.
The Origin of the Red Wolf
Since the beginning of this century, red wolves have declined dramatically throughout their geographic range in the southeastern United States, leading to their extinction in the wild circa 1975. As red wolves became rare, hybridization between them and coyotes increased such that red wolves captured later than 1940 showed apparent phenotypic effects of hybridization (Nowak 1979) . The 14 red wolves that founded the captive colony, whose descendants are analyzed in the present study, were carefully selected from a much larger pool of coyote and red wolf-like canids captured in 1974-76. Previous mtDNA analysis showed that red wolves from the captive colony and 77 individuals from the original pool of coyote and red-wolflike canids had genotypes identical or very similar to those found in gray wolves or coyotes. Likewise, a sample of six red wolves from five states collected prior to 1920 showed only gray wolf-like or coyote-like genotypes. These results indicate that the red wolf hybridized with gray wolves and coyotes, two species with which they shared parts of their geographic range in historic times (Nowak 1979; Carbyn 1987; Jenks and Wayne 1992) .
Morphological studies have suggested that the red wolf is a distinct species with an intermediate phenotype and is the predecessor of gray wolves and coyotes (Nowak 1979 (Nowak , 1992 . If so, unique mtDNA genotypes and nuclear alleles should exist in red wolves and should define them as a separate species clade (Wayne and Jenks 199 1; Wayne 1992) . However, an intermediate phenotype is also consistent with an origin due to hybridization between gray wolves and coyotes, a conclusion consistent with the absence of unique mtDNA genotypes in the red wolf (Jenks and Wayne 1992; Wayne 1992) . It is conceivable that red wolves may represent a phenotype resulting from a several-hundred-year period of hybridization between coyotes and wolves in the southcentral United States, which began with habitat changes associated with the arrival of settlers circa 1700. Subsequently, after the extermination of gray wolves in the southern and northeastern United States, the hybrids and their descendants, identified as red wolves, became rare, and their phenotype was more severely influenced by hybridization with coyotes. In contrast, the gray wolfcoyote hybrid zone in southeastern Canada has appeared only within the past 100 years, as coyotes entered Minnesota and moved northeast into Canada (Hilton 1978) . Phenotypes intermediate between coyotes and gray wolves have been described from southeastern Canada and have been attributed to either interspecific hybridization or changes in prey size (Kolenosky and Standfield 1975; Hilton 1978; Schmitz and Kolenosky 1985; Thurber and Peterson 199 1) .
The results of our microsatellite analysis are consistent with the red wolf's historic origin being due to hybridization between coyotes and gray wolves, followed by more recent and extensive hybridization with coyotes alone as gray wolves became rare. Red wolves share all their microsatellite alleles with coyotes, whereas a similar founder sample of gray wolves or coyotes drawn from one population have, on average, 4.7 unique alleles when compared with the other species. In simulations, <l in 13,000 population comparisons would be expected to show no unique alleles. Similarly, Monte Carlo simulations, which accounted for differences in sample size, indicated that, if the red wolf were a species as distinct as coyotes and gray wolves, then unique alleles should have been found in them, even considering the small founding size of the captive red-wolf population.
One criticism of our interpretation is that unique rare alleles may have existed in the red wolf but have been lost rapidly in the small populations of red wolves existing in Texas as they neared extinction (e.g., see Allendorf 1986; Leberg 1992 ). However, the relatively high allelic diversity and heterozygosity of captive red wolves suggests that the effective sizes of the these populations were not reduced for many generations. Moreover, MDS and clustering algorithms show that, in allele frequencies, the red wolf is similar to coyote and hybrid-wolf populations, a result not expected to be a simple consequence of a population bottleneck in an otherwise distinct species. Consequently, we interpreted the microsatellite data as providing support for a hybrid origin of red wolves in historic times, an origin followed by a more recent extensive introgression of coyote alleles into red-wolf populations as gray wolves became extinct in the southcentral United States.
In conclusion, the analysis of microsatellite data provides a new perspective on past estimates of gene flow and genetic subdivision that are based on mtDNA analysis. Coyotes show no evidence of genetic subdivision, a result consistent with high rates of genetic exchange throughout their recent range expansion. Graywolf populations show evidence of divergence due to drift in finite populations, because 6 values are large; these values do not increase with geographic distance between localities. We therefore hypothesize that divergence has occurred in Ice Age refugia and that an equilibrium between gene flow, mutation, and drift has not yet occurred. A recent increase in habitat fragmentation may also have influenced levels of population substructure. Hybridization between wolves and coyotes has affected the allele frequencies of gray wolves significantly but has had little effect on coyote populations. This disparity may reflect a mating asymmetry caused by male wolves mating with female coyotes and by the resultant offspring backcrossing with gray wolves.
Our analyses of microsatellite data support the hypothesis that the intermediate phenotype of the red wolf is derived from historic hybridization between gray wolves and coyotes. More recently, extensive hybridization with coyotes has caused red wolves to become more similar, in allele frequency, to coyotes than to recently hybridizing populations of gray wolves. Relative to "red wolves," gray wolves in eastern Canada have experienced more limited hybridization with coyotes. Nevertheless, given continued habitat changes that favor an increase in coyotes at the expense of gray wolves, interspecific hybridization may threaten the genetic integrity of eastern gray-wolf populations.
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